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[1] On 21 January 2005, one of the fastest interplanetary coronal mass ejections (ICME) of
solar cycle 23, containing exceptionally dense plasma directly behind the sheath, hit the
magnetosphere. We show from charge-state analysis that this material was a piece of the
erupting solar filament and further, based on comparisons to the simulation of a fast CME,
that the unusual location of the filament material was a consequence of three processes. As
the ICME decelerated, the momentum of the dense filament material caused it to push
through the flux rope toward the nose. Diverging nonradial flows in front of the filament
moved magnetic flux to the sides of the ICME. At the same time, reconnection between the
leading edge of the ICME and the sheath magnetic fields worked to peel away the outer
layers of the flux rope creating a remnant flux rope and a trailing region of newly opened
magnetic field lines. These processes combined to move the filament material into direct
contact with the ICME sheath region. Within 1 h after impact and under northward
interplanetary magnetic field (IMF) conditions, a cold dense plasma sheet formed within the
magnetosphere from the filament material. Dense plasma sheet material continued to move
through the magnetosphere for more than 6 h as the filament passed by the Earth. Densities
were high enough to produce strong diamagnetic stretching of the magnetotail despite the
northward IMF conditions and low levels of magnetic activity. The disruptions from the
filament collision are linked to an array of unusual features throughout the magnetosphere,
ionosphere, and atmosphere. These results raise questions about whether rare collisions with
solar filaments may, under the right conditions, be a factor in producing even more
extreme events.
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1. Introduction

[2] Solar filaments are coronal condensations of dense,
chromospheric-temperature plasma that are supported by
relatively strong magnetic fields of active regions or by
weaker fields in the case of quiescent filaments (see review
by Rust [1999]). This chromospheric material is 100 times
denser than the coronal material and 100 times cooler. It also
contains significantly more singly and low charge-state ions
characteristic of these cooler temperatures [Lepri and
Zurbuchen, 2010; Gilbert et al., 2012]. When active regions

erupt, the filaments are caught up in the explosive release
of plasma and magnetic fields that form a coronal mass
ejection (CME).
[3] CMEs commonly have a three-part structure as they

lift off the Sun [cf. Illing and Hundhausen, 1985]: (1) a
bright outer loop formed of dense coronal material from
the overlying helmet streamer [Tsurutani and Gonzalez,
1994], (2) a dark cavity which corresponds to the magnetic
flux rope itself, and (3) a bright core believed to be associ-
ated with the erupting solar filament. After leaving the
Sun, the disturbance is termed an ICME (I = interplanetary)
rather than a CME, the distinction being that its structure is
modified, sometimes significantly, during propagation through
interplanetary space.
[4] Despite observations indicating that more than 70% of

active region eruptions involve solar filaments [Gopalswamy
et al., 2003], filaments are rarely identifiable in ICMEs at
Earth [cf. Forsyth et al., 2006; Wimmer-Schweingruber
et al., 2006; Zurbuchen and Richardson, 2006; Crooker
and Horbury, 2006]. Only 4% of ICMEs measured in situ
at 1 AU (11 out of 283 during 1998–2008) have been found
to date to contain detectable amounts of low charge-state
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heavy ions characteristic of the cool material in solar fila-
ments [Lepri and Zurbuchen, 2010]. The authors identified
filamentary material using the presence of at least two
elements (of the three C, O, and Fe) with simultaneous low
charge states. They did not consider He+, a key contribution
of the present paper.
[5] The reasons for the disconnect between remote and

in situ observations of solar filament material are a long-
standing mystery in space physics. The small numbers of
detectable solar filament events at 1 AU suggest that only
under unusual circumstances does the filament material
survive transit of the corona and transport to Earth with its
high density and low charge-state signatures preserved.
Gruesbeck et al. [2012] modeled the ionization of cool dense
prominence material in an example CME eruption and found
that the dense material was able to escape with low levels of
ionization beyond the freeze-in point, assuming typical
expansion speeds and very high densities ~ 1010 cm�3.
[6] The position of the filament material with respect to

the magnetic field structure of the ICME is an important
factor in its geo-effectiveness. For example, whether north-
ward or southward interplanetary magnetic field (IMF)
accompanies the filament material determines how the
material enters the magnetosphere and the characteristics
of the plasma sheet that develops. There is no consistent
spatial ordering of the cold filament material within an
ICME by the time it reaches the Earth despite the character-
istic three-part structure of the outgoing CME at the Sun
[Illing and Hundhausen, 1985]. Lepri and Zurbuchen
[2010] found that in only 45% of cases in which a filament
was identified, did it appear in the trailing third of the
ICME, as one would expect. In 35% of the cases, the
filament material actually appeared in the leading third of
the ICME (as was the case for the 21 January 2005 event
studied here) and in the remaining 20% of cases, it
appeared in the middle third of the ICME. Filament mate-
rial has even been identified outside the trailing edge of
an ICME [Lepri and Zurbuchen, 2010], and in the sheath

region in front of the magnetic cloud structure (in this
paper). All the significant filaments identified to date have
been different in their charge-state composition and in the
distribution of cold filament material within and surround-
ing the ICME [cf. Burlaga et al., 1998; Skoug et al.,
1999; Farrugia et al., 2002; Lepri and Zurbuchen, 2010;
Sharma et al., 2013] suggesting that complex processes
are responsible for their transport to 1 AU.
[7] Observations on 21 January 2005 show unusual

geospace consequences tied directly to a significant solar
filament impact. Although this type of impact may be
relatively rare, it is of intense interest. We now know that
high-density plasma can amplify the damaging effects of
magnetic storms [cf. Lyons, 2000; Zhou and Tsurutani,
2003; Liou et al., 2007; Laundal and Østgaard, 2008;
Weigel, 2010]. The highest solar wind densities in ICMEs
are found in solar filament material [Crooker et al., 2000]
and ICMEs are responsible for the most severe types of space
weather [cf. Tsurutani et al., 1988; Richardson et al., 2001].
For example, the March 2001 CME [Farrugia et al., 2006]
had densities just after the shock in excess of 100 cm�3, which
is thought to have enhanced its geo-effectiveness. The
magnetic storm that resulted reached min Dst<�250 nT.
[8] In this first report we summarize new information

about the transport of a solar filament to Earth and key
features of its interaction with geospace. A more detailed
treatment of the conditions that enabled the solar filament
to reach Earth and of the resulting unusual features that it
generated in the magnetosphere, ionosphere, and atmosphere
will be provided in later publications.

2. What Happened at the Sun?

[9] At ~17:11 UT on 21 January 2005, one of the fastest
ICMEs of solar cycle 23 hit the Earth. The probable solar
source of this disturbance identified by Foullon et al.
[2007, hereafter referred to as F2007] and Rodriguez et al.
[2008, hereafter referred to as R2008] was a halo CME
(shown in Figure 1) associated with an X7.1 flare from
NOAA active region 10720. The halo CME reached the
LASCO C2 field of view at 06:54 UT. However, a strong
solar particle event rendered all subsequent images of this
CME unusable in both LASCO C2 and C3. An estimation
of its speed based on observations of Type II burst-associated
shock waves in the solar wind and corona and in situ
measurements of these same shock waves and related struc-
tures at 1 AU indicate the ICME may have reached 3000
km/s between 3 and 50 solar radii before decelerating down
to 1000 km/s upstream of Earth at 1 AU [Pohjolainen et al.,
2007]. The speed of the ICME is consistent with an arrival
time late on 21 January. The ICME travel time to Earth was
just 34 h [Pohjolainen et al., 2007; Foullon et al., 2007].
[10] F2007 analyzed the ICME in great detail with obser-

vations from Cluster, ACE, Wind, and Geotail at 1 AU.
They identified a magnetic cloud with onset at 00:40 UT on
22 January, nearly 7 h after the shock arrived, based largely
on plasma beta values< 0.2. The rotation of the field in the
magnetic cloud (MC) was not pronounced and no model
was able to provide a successful fit to the magnetic field data.
F2007 concluded that the Earth encountered the flanks of a
MC in strong expansion with axis nearly perpendicular to
the ecliptic. In this scenario, the spacecraft observed the

Figure 1. Image by the SOHO LASCO C2 coronagraph on
20 January 2005 after cosmic ray removal shows the charac-
teristic three-part structure of a coronal mass ejection near the
Sun. Also shown is a typical helmet streamer. Adapted from
Rodriguez et al. [2008].
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MC at large impact parameter and therefore did not sample
the typical rotation of the magnetic field at its core. Hence,
the structure was identified as magnetic cloud-like (MCL).
R2008 suggested an alternative scenario in which the axis
of the MCL had a horizontal orientation in the ecliptic plane
with the satellites sampling the leg at small impact parameter.
Both scenarios are completely consistent with the magnetic
field observations at 1 AU.
[11] Between the shock and the MCL, F2007 identified a

noncompressive density enhancement (NCDE) produced by

an enrichment in helium. A magnetic arcade of field lines
associated with the NCDE was still attached to the Sun.
Plasma beta values in this interval were outside the probable
range for a magnetic cloud. In the present work, we identify
the NCDE as a solar filament based on the presence of He+

and the magnetic arcade as a remnant magnetic cloud based
on comparison to a simulation of a fast ICME. When we
identify the magnetic field structure behind the shock as a
CME, we are in effect proposing a CME-CME interaction,
since there is clear evidence for a second CME at the location
identified by F2007. R2008 discussed the very good possibil-
ity that the ICME on 21–22 January was actually composed
of two interacting halo CMEs. The authors identified as a
second candidate an earlier full halo CME associated with
an X1.3 class flare which lifted off at ~08:29 UT on 19
January at estimated speeds of 1844–2020 km/s. However,
the timing of the arrival at Earth late on 21 January is incon-
sistent with a CME traveling at those high speeds. There are
indications that this halo CME actually reached Earth on 20
January at ~15:00 UT with a travel time of ~30.5 h.
[12] We investigate further the evidence for interacting

CMEs. Figure 2 displays solar wind parameters from 13
UT on 21 January to 02 UT on 24 January observed by
the Advanced Composition Explorer (ACE) spacecraft
[Gloeckler et al., 1998; Stone et al., 1998] upstream of
the Earth. Parameters in Figures 2b–2e, taken at a 1 min ca-
dence, were propagated to the time of bow shock encounter
in the OMNIWeb database at http://omniweb.gsfc.nasa.gov.
However, in this figure (and Figure 3), level 2 solar wind
parameters were not available in the interval 00:40 UT
to 08:41 UT on 22 January, due to contamination of the
observations by a strong solar particle event. ACE observa-
tions were supplemented in this interval with search mode
data that has an ~33 min time resolution (courtesy of
R. Skoug and H. Elliott, 2005). These reprocessed data
were propagated from ACE to 10 RE using the observed
solar wind velocity (Vx). Figures 2f–2h give the charge-state
distributions for Fe, O, and C at a 2 h cadence measured by
the Solar Wind Ion Composition Spectrometer (SWICS) on
ACE. Due to the coarser time resolution of these data, it was
not necessary to propagate these to bow shock encounter.
The same is true for the He+/He2+ ratio in Figure 3g.
[13] Figure 2a displays the entropy per proton defined as

S = k ln (Tp
1.5/Np) calculated from ACE observations where

S is in erg/K/proton, k = 1.38 × 10�16 erg/K, Tp is in °K,
and Np is in cm�3 [Burlaga et al., 1990]. Entropy is used to
identify plasmas of different origins. Based on low entropy
values, we identify two CMEs in the figure and mark their
start and end times with vertical red dashed lines. A coronal
hole (CH140) was in Earth-facing position during 18–20
January with the effects of the associated high-speed stream
seen at Earth on 22–24 January (from the Coronal Hole
History at http://www.solen.info/solar/coronal_holes.html).
The exact onset time of the high-speed stream at Earth was
not discernable due to its interaction with the preceding
ICME activity but it dominated solar wind conditions later
in the day on 22 January. The interaction between the high-
speed stream and CME2 may have also complicated the
identification of its trailing edge.
[14] In CME2 (identified by F2007), plasma beta dipped to

values <0.2 (Figure 2c), which is typical of CMEs [cf.
Lepping et al., 2003]. On this basis, F2007 placed the start

Figure 2. Solar wind parameters from the ACE spacecraft
over the interval 21–24 January 2005 show evidence for
two interacting CMEs. Included at a 1 min resolution are
(a) entropy, (b) dynamic pressure, (c) plasma beta, (d) mag-
netic field strength, and (e) solar wind speed propagated to
the bow shock normal in the OMNIWeb database. Over the
interval 00:40 UT – 08:41 UT on 22 January, level 2 solar
wind parameters were not available due to contamination
by a strong solar particle event. Missing observations were
filled in using search mode data that has an ~33 minute time
resolution (courtesy of R. Skoug and H. Elliott, 2005) and
propagated to 10 RE using the observed solar wind velocity,
Vx. (f–h) Charge-state composition at a 2 h time resolution
is shown. Because of the coarse resolution, it was not neces-
sary to add a time delay to 1 AU.
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of CME2 at 00:40 UT and its end at 21:20 UT on 22 January.
At the trailing edge of CME2, beta recovered to values >0.2
and dynamic pressure returned to low values typical of high-
speed streams (Figure 2b). A dip in plasma beta also accom-
panied CME1 but beta exceeded typical values used to
identify CMEs. The higher beta could be due to the presence
of the dense solar filament material but may also be an effect
of the CME-CME interaction process as seen for multiple
MC events [Wang et al., 2003; Lugaz et al., 2005]. This later
scenario is consistent with the shorter duration of CME1.
Figures 2f, 2g, and 2h indicate an increase in high charge

states of Fe, O, and C, respectively in association with both
CME1 and CME2. Charge states were lower in the solar
wind preceding the shock and in the high-speed stream
following CME2. On the basis of this rather abrupt change
in charge-state composition, the trailing edge of CME2 may
have arrived as early as 12:00 UT on 22 January.
[15] We associate CME1 with the halo CME that lifted off

the Sun and was seen by LASCO C2 on 20 January at 0654
UT. A probable solar source for CME2 is the C8-class solar
flare in the same active region (10720) a little more than 9
h later peaking at 16:14 UT on 20 January. There is no way
to verify whether a halo CME was associated with this flare
activity because the LASCO coronagraph images were
completely unusable due to contamination by the previously
mentioned strong solar proton event. However, the travel
time to Earth of 32.4 h is reasonable to account for the arrival
of CME2 at 00:40 UT on 22 January.
[16] We now return to CME1 the focus of the present

study. Figure 3 gives an expanded view of solar wind param-
eters over the shorter time interval associated with ICME1.
There are two extremely unusual features. First, as we will
demonstrate, ICME1 contained a large amount of solar fila-
ment material—only one of a few such cases ever reported
[cf. Burlaga et al., 1998; Skoug et al., 1999; Farrugia
et al., 2002]. Second, the filament material was displaced
from its expected position in the ICME. It was directly
behind the sheath, at the leading edge of the flux rope
(illustrated in Figure 4), a configuration that does not fit the
simple picture of CME structures as they leave the Sun
[Illing and Hundhausen, 1985]. Filament material is nor-
mally at the back of the ICME (at the most sunward edge),
separated from the sheath region by the flux rope itself.
When CME1 lifted off the Sun on 20 January, remote
observations by LASCO C2 showed the filament following
behind the flux rope as is typical (see Figure 1).
[17] In this work, we expand on the analysis of the solar

source(s) and magnetic cloud structures from F2007 and
R2008 based on new evidence in the observed charge-state
composition and on insights provided through further
analysis of a 3-D MHD simulation of a fast ICME initially
presented in Manchester et al. [2006, hereafter referred to
as M2006]. For convenience in comparisons, we adopt the
labels for features in the solar wind from F2007. The vertical
dashed line (labeled SA) marks the arrival at Earth of the
shock leading the ICME. Solar wind speeds in Figure 3a
jumped abruptly from just over 500 km/s to nearly 900 km/s.
The shock snowplowed solar wind material ahead of it,
compressing it to achieve high densities (Figure 3b) and high
temperatures (Figure 3c) in a sheath region following
the shock.
[18] Figure 3d displays the north-south component of the

interplanetary magnetic field (IMF) in the GSM (solar-
magnetospheric) coordinate system. The compressed
southward IMF in the sheath region on 21 January reached
�28 nT. This value is comparable to the southward IMF that
drives superstorms but, in this case, it lasted for less than 30
min so the storm reached only moderate intensity. Typical
quiet time IMF values are 3–5 nT with ecliptic rather than
southward orientations.
[19] At the vertical dashed line labeled SB, the density

again began to climb. This discontinuity marked the arrival
of the solar filament. Densities in this region exceeded 50

Figure 3. An expanded view is given of solar wind and
geospace conditions during CME1, which contained signifi-
cant solar filament material. Regions 1, 2, and 3 correspond
to the sheath, remnant flux rope, and opened outer portion
of the original flux rope. These three regions are depicted
schematically in Figure 4. See text for more details.
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cm�3 and dynamic pressures reached 63 nPa if the He2+

component is taken into account (see F2007). Note that the
temperatures in the filament (Figure 3c) were much cooler
than the heated and compressed solar wind in the sheath.
While the “filament” material is cooler than the sheath, it is
still slightly hotter than the solar wind. Consistent with these
observations, we find considerable heating of the filament
material close to the Sun in the simulation of a comparable
fast CME in section 3.
[20] ICMEs generally contain an enhanced ratio of He2+/H+

and high charge states of oxygen and iron. These high charge
states are thought to originate low in the solar corona or to be a
product of the heating the CME undergoes during its ejection
from the Sun. Cluster observed an elevated He2+/H+ ratio in
the ICME as it approached Earth’s bow shock (see F2007).
However, solar filaments contain a significant fraction of
low charge-state ions [cf. Wimmer-Schweingruber et al.,
2006; Lepri and Zurbuchen, 2010]. While this particular
ICME did not exhibit low charge states of C, O, or Fe as
shown in Lepri et al. [2012], which only studied those
elements, further examination of the SWICS data revealed
the presence of a significant contribution of He+ within the
ejecta. Similar mixtures of both low and high charge states
have been seen in other He+-rich events [Gosling et al.,
1980; Burlaga et al., 1998; Gloeckler et al., 1999; Skoug
et al., 1999]. In fact, Skoug et al. reported elevated heavy
ion charge states throughout an extended interval of some of
the largest He+/He2+ values ever observed. The reasons for
this blend of hot and cold material are not yet understood.
Skoug et al. [1999] suggest two possible mechanisms: (1)
partial ionization of the filament material in the solar corona
which proceeds at different rates for different elements, and

(2) changes in topology that mix plasmas with different
frozen-in ionization states during transit to Earth.
[21] Shown in Figure 3g is the ratio of singly to doubly

charged helium (He+/He2+) observed by the Solar Wind Ion
Composition Spectrometer (SWICS) on the ACE satellite.
He+ enters the SWICS instrument and is accelerated by a post
acceleration region, where it gains ~26 keV in energy before
entering the Time of Flight telescope (see Gloeckler et al.
[1998] for more details of SWICS operation). The ion’s total
energy is close to the lower energy limit of detection in the
instrument and therefore it remains elusive in many measure-
ments not only because of the lack of He+ in the nominal
solar wind but also because the energy lies near the detection
threshold. He2+, on the other hand, gains 2 × 26 keV (due to
the 26 kV potential) in the post acceleration region and
therefore is almost always above the detection limit of the
solid-state detectors. The mere presence of He+ in this data
set is rather significant and likely enabled by the very fast
solar wind speeds associated with this particular CME as well
as by the presence of a significant amount of filament
material. The He+/He2+ ratio (with a 2 h temporal resolution
compared to the 1 min resolution in the other solar wind
parameters) was enhanced in the ICME, maximizing at the
peak in plasma density following the sheath. This ratio fell
below instrument thresholds outside of the values shown
and therefore no measurements exist before and after the
solid line.
[22] It is worth noting that the sheath region, which should

contain predominantly solar wind plasma swept up in front of
the ICME during its transit to Earth, also contains significant
low charge-state helium (Figure 3g). This is consistent with
the magnetic reconnection observed by the Cluster spacecraft
at 18:39:30 UT and 18:45:00 UT [Munoz et al., 2010; Chian
and Munoz, 2011, 2012] at the leading edge of the high-
density region (identified here as the solar filament). These
times occur on either side of the sharp northward IMF spike
just before the vertical dashed line labeled SB in Figure 3. In
reconnection, magnetic field lines that thread the sheath and
those associated with the filament material are broken and
reconnected with each other. In the process, filament
material is mixed with sheath plasma. As will be described
later, this reconnection, pictured at the leading edge of the
flux rope in Figure 4, contributed to the observed redistribu-
tion of the filament material within the ICME.
[23] Figure 3f gives the pitch angles of suprathermal (272

eV) solar wind electrons called “strahl,” which flow nearly
continuously along magnetic field lines outward from the
Sun (shown also in F2007). The strahl is used as an indicator
of the connectivity of magnetic field lines. A single strahl
component moving away from the Sun parallel to the IMF
indicates an open magnetic field line connected at only one
end to the Sun. However, bidirectional strahl electrons
traveling both parallel (0°) and antiparallel (180°) to the
IMF indicate a closed magnetic field topology still connected
to the Sun at both ends [cf. Shodhan et al., 2000]. As
discussed in F2007, observations in Figure 3f first show an
isotropic pitch angle distribution within the sheath between
SA and SB due to heating of the solar wind electrons at and
behind the shock. Moving into the leading edge of the
filament, starting at SB, bidirectional strahl electrons are
seen, indicating a closed magnetic topology. We will show in
section 3 on the basis of the simulation of a comparable fast

Figure 4. An illustration is given of the processes in the
simulation found to be responsible for the appearance of
the solar filament material directly behind the sheath region
in the ICME. The solar wind flow is from right to left.
Evidence that such remarkable behavior has actually
occurred in the very fast CME that erupted from the Sun on
2005 January 20 (but with opposite sign of IMF Bz) is
described in the text.
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CME that this structure is consistent with a remnant flux
rope, in which azimuthal fields have been eroded by
reconnection with the sheath fields and by transport of flux
away from the apex of the flux rope by diverging nonradial
flows. Because of the removal of flux from the leading edge,
the southward IMF portion of the flux rope is very short-lived
(~10 min) followed by a rotation to a much longer interval of
obliquely northward IMF. The region of recently opened
field lines trailing the remnant flux rope (which closer to
the Sun were part of the more extended magnetic cloud struc-
ture) is marked by a change to more purely northward IMF at
21:40 UT. The transition from obliquely to more purely
northward IMF can be clearly seen in the IMF clock angles
plotted in Figure 3e. A 0° clock angle indicates due north-
ward IMF, ±90° indicates horizontal IMF in the ecliptic
plane, and ±180° indicates due southward IMF. The region
of the remnant flux rope (region 2) in Figure 3 has an
obliquely northward IMF clock angle containing a significant
or dominant IMF By component. The clock angle changes
abruptly to due northward in the region of opened field lines
trailing the remnant flux rope (labeled region 3 in the figure).
This transition is accompanied by an abrupt weakening in the
sunward directed strahl component.
[24] Ruffenach et al. [2012] conducted a study of a mag-

netic cloud being eroded by reconnection that was observed
by STEREO A, STEREO B, ACE, Wind, and THEMIS.
They found that the strahl contained information on the
connection to the Sun. A significant complication is that the
exact topology produced in this process and its connectivity
to the Sun (both of which are unknown) are critical for
understanding the changes in the strahl distribution.
However, the very existence of abrupt changes in the strahl
closely associated with the remnant flux rope and trailing
opened field lines provide supporting evidence for the
existence of the topological changes required by this inter-
pretation of the solar wind and IMF observations. Another
abrupt change in the strahl early on 22 January signaled the
arrival of southward fields in the second MCL structure
identified by F2007.

3. The Connection to the Sun

[25] We will return later to a discussion of the geospace
response summarized in Figures 3h–3k but first we explore
the source of the high-density plasma in the ICME and the
mechanisms that moved it behind the sheath region. To do
this, we compare the observations of the 21 January CME
with a simulation of another very fast CME described in
M2006 with lift-off speeds of 4000 km/s dropping to 2000
km/s by 1 AU in which dense plasma also appeared directly
following the sheath. The details of the model and the initial
conditions for the simulation are described therein. By
following the simulation backward in time after the dense
plasma appears behind the sheath region, we are able in the
present study to trace its origins unambiguously to the
erupting filament and examine the mechanisms that resulted
in the redistribution of the filament material.
[26] Figure 4 illustrates the changes in the magnetic cloud

and solar filament during propagation to Earth as seen in
the simulation. The solar wind flow is from right to left in
the figure. There are two factors strongly affecting the
topology of the flux rope as it travels to Earth. As the CME

slows, the momentum of the solar filament material forces it
to move through the flux rope, diverting magnetic flux
around to the sides with an associated weakening of the
magnetic field at the nose. As a result, the northward IMF
at the leading edge of the flux rope is weaker than the
southward IMF at the back. This imbalance creates the
impression of a flux rope severely eroded by reconnection
at its leading edge.
[27] In addition to this distortion of the flux rope by the

solar filament, reconnection is also occurring between the
closed field lines at the leading edge of the flux rope and
the IMF in the sheath region. In the case of the 21 January
2005 flux rope, this reconnection is confirmed by Cluster
observations [Munoz et al., 2010; Chian and Munoz, 2011,
2012]. The reconnection in the simulation and observations
opens up the initially larger magnetic flux rope structure
peeling away its outer layers. In their analysis of another
magnetic cloud undergoing reconnection at its leading edge

Figure 5. (a) A cross section of solar wind density in the XZ
plane showing the sheath (region 1), remnant flux rope
(region 2), opened outer flux rope (region 3), and continuing
reconnection region near the Sun that recloses the helmet
streamer (region 4). (b) Line extractions of solar wind param-
eters are taken along Z= 0. Shown are the velocity (blue),
density (green), temperature (red), and IMF Bz (purple). All
of the main features in regions 1–3 also appear in the obser-
vations on 21 January 2005 (Figure 3) but with opposite sign
of IMF Bz.
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but without solar filament material, Dasso et al. [2006, 2007]
find that magnetic flux is removed from the front of the
remnant flux rope but not from behind. The opened field lines
trailing the remnant flux rope easily turned northward and
straightened as they were peeled away. However, the IMF
By component in the remnant flux rope must strengthen to
maintain pressure balance in the magnetic cloud structure.
The differential velocity from the front to the back of the
strongly expanding magnetic cloud structure results in a
spreading of magnetic field lines in the trailing portion of
the ICME and a weakening of the magnetic field strength.
These effects lead to a magnetic cloud structure that is
asymmetric in both the strength and rotation of the magnetic
field. The present study adds the response of the filament
material as a new feature to the evolution of the eroding flux
rope discussed by Dasso et al. [2006, 2007]. Filament
material on recently opened field lines spreads outward to fill
the associated larger volume of space and filament densities
decrease everywhere except inside the remnant flux rope itself.
[28] For ease of comparison to solar wind features in the 21

January 2005 event, we present line extractions in Figure 5b
of simulated solar wind velocity, density, temperature, and
IMF Bz along the Sun-Earth line at an elapsed time of
22.75 h as the flux rope approaches the Earth. Figure 5a gives
a cross section of solar wind density in the XZ plane for
global context. Line extractions of solar wind parameters
are taken along the Z= 0 line. The sheath (region 1), remnant
flux rope (region 2), opened outer flux rope (region 3), and
continuing reconnection region near the Sun that recloses
the helmet streamer (region 4) are delineated by the vertical
dashed lines. The key features in the density are the presence
of filament material directly behind the sheath, the narrow
peak in density at the back of the remnant flux rope, and
the lower filament densities on the recently opened field lines
trailing behind. Key features in the temperatures (red) are the
hot sheath material followed by the much cooler dense fila-
ment. The azimuthal (Bz) flux (purple) is entirely unbalanced
giving the appearance of a flux rope severely eroded by
reconnection on the front side. There is essentially no +Bz
component in the ICME fields. Key features in the velocity
are the rise in velocity from the sheath moving into the flux
rope, the relatively constant velocity in the flux rope, and
the decreasing velocities in the trailing region of recently
opened field lines. All of these features also appear in the
observations on 21 January 2005 (see Figure 3) but with
opposite sign in the IMF Bz. A reconnection jet develops near
the Sun as the helmet streamer reforms. The reconnection jet
creates a dimple in the density at the trailing edge of the
ICME. The signatures of reconnection are the velocity and
density enhancements on the sunward side of the filament
seen in line extractions in Figure 5b. A counterpart of this
region is not seen in the 21 January 2005 observations.
[29] We calculate the rate of reconnection in the simulation

and find that the CME retains 93% of its flux despite
reconnection with the IMF during transport to 1 AU. The
transport of the flux away from the apex of the flux rope in
this case is considerably more important than reconnection
with the IMF.
[30] We find evidence for the processes described in the

simulation in observations of the fast ICME on 21 January
2005, however, with opposite sign of the IMF Bz. In
Figure 3, corresponding regions 1–3 are labeled. Consistent

with the simulation, the observed IMF Bz cutting through
the flux rope was entirely unbalanced. A very short interval
of strong southward IMF at the leading edge of the flux rope
was followed by a much longer interval of weaker obliquely
northward IMF. Counterstreaming strahl electrons indicate
this region was still connected at both ends to the Sun. The
observed peak in the filament density was located directly
behind the ICME sheath region. The reconnection at the nose
of the ICME was observed by the Cluster spacecraft [Munoz
et al., 2010]. This is consistent with the remnant flux rope
labeled region 2 in the simulation. An abrupt transition to
more purely northward IMF coincident with a decrease in
the sunward strahl is consistent with the region of newly open
field lines in the simulation trailing the remnant flux rope
(labeled region 3). In both the simulation and the observa-
tions, the filament density drops in this region as the filament
material moves outward along opened field lines. The
remarkable similarities between the modeled fast ICME and
the 21 January event, described above, provide strong
evidence that the same mechanisms were at work in each.
The erosion of southward IMF from the front of the ICME
very likely protected the Earth from a much more severe
geomagnetic storm.
[31] The close correspondence between features in the

simulation at the center of the flux rope and in the observa-
tions on 21 January at greater than 60° from the longitude
of the eruption, which was at 14°N, 67°W, is surprising.
However, 3-D reconstructions of the density structure of
the 21 January 2005 CME by the Solar Mass Ejection
Imager (SMEI) clearly indicate that the CME had a large
longitudinal extent spanning 90o [Jackson et al., 2009]. The
tomography shows two dense lobes, one at the longitude of
the originating active region and one that directly passed
the Earth. Furthermore, there is a dense driver behind the
shock seen in the SMEI 3-D reconstructions, which is not
inconsistent with the dense filament material observed at 1 AU.
[32] Figure 6 presents snapshots of the density (Figure 6a)

and the entropy (Figure 6b) of the plasmas in the simulated
ICME. Color contours of density are shown in the Y= 0 plane
behind the 3-D flux rope. Color contours of nonradial plasma
flow are given in the Z= 0 plane below the flux rope. The Sun
is to the far right and the Earth is beyond the left edge of the
figure. The white lines are magnetic field lines newly opened
by reconnection at the leading edge of the flux rope that
straighten as they peel away and trail behind the remnant flux
rope. This trailing region is labeled as region 3 in Figures 3
and 5. The red lines are the remaining closed field lines of
the remnant flux rope (labeled as region 2 in Figures 3 and
5). The high density (red) of the solar filament is seen within
the remnant flux rope, decreasing to lower values (yellow to
green) moving into the region of opened field lines trailing
behind. The high densities (red) to the far right are in the
vicinity of the Sun, itself. Much lower densities (light blue)
are seen in the sheath region preceding the flux rope (labeled
as region 1 in Figures 3 and 5). In the Z= 0 plane, diverging
nonradial flows (blue) at the nose of the flux rope move
magnetic field lines to the sides as the filament pushes
forward toward the sheath region.
[33] In Figure 6b, entropy values are plotted in the Y= 0

plane behind the 3-D flux rope and the magnitude of IMF
Bz is shown in the Z= 0 plane below. The shocked and heated
solar wind plasma in the sheath region upstream of the flux
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rope has high entropy values (orange-red) while the cool,
dense plasma of the solar filament has low entropy values
(green). Though not shown here, the simulation indicates
that although the filament material is still cooler than the
sheath plasma, it has undergone considerable heating shortly
after initiation. Its temperature is slightly cooler than the
background solar wind. At the nose of the flux rope, cold
dense plasma is seen approaching the CME sheath region.
Nonradial flows at the nose in Figure 6a move magnetic flux
to the sides of the solar filament creating a “bald spot” in the
flux rope (seen as a thinning of the IMF Bz contours in the
Z= 0 plane in Figure 6b). Both reconnection and the diver-
sion of magnetic flux to the sides of the filament erode the
magnetic flux at the nose of the flux rope.

[34] The density of the solar filament within the ICME on
21 January was extreme. Typical ICMEs have densities that
are comparable to the solar wind in which they are embedded
[Crooker et al., 2000]. The highest densities are typically
associated with the shocked and compressed solar wind in
the sheath region ahead of them. The 21 January 2005
ICME represents a significant departure from the typical
solar wind driving during magnetic storms.

4. The One-Two Punch of the Solar Filament

[35] Returning to Figures 3h–3k, we examine geospace ob-
servations showing the response to the solar filament impact.
Figure 3h displays SYM-H, a high-time-resolution index de-
scribing the magnetic field depression at the Earth’s surface
during a magnetic storm [Iyemori, 1990]. It is similar to Dst
but with a resolution of 1 min compared to 1 h for Dst
[Wanliss and Showalter, 2006]. Though the ring current is
thought to make the largest contribution to SYM-H [Kozyra
and Liemohn, 2003], there are also contributions from
magnetic fields generated by magnetopause, field-aligned
and magnetotail currents, as well as induced currents in the
solid Earth [cf. Carovillano and Siscoe, 1973; McPherron,
1997; Liemohn and Kozyra, 2003]. The SYM-H* curve is
the observed SYM-H with these additional contributions
removed [Burton et al., 1975; Langel and Estes, 1985]. In
this form, SYM-H* is directly proportional to the total energy
of the ions that comprise the storm time ring current [Dessler
and Parker, 1959; Sckopke, 1966; Liemohn, 2003]. Because
of this, it also serves as a convenient measure of the severity
of the magnetic storm.
[36] Minimum SYM-H* values around �100 nT (seen

here) identify an intense magnetic storm [Gonzalez et al.,
1994]. When the IMF turns northward, SYM-H* values
normally recover toward a quiet time baseline as the ring
current ions cease to be replenished by drifts earthward from
the magnetotail and are removed by collisions and loss at the
dayside magnetopause. Surprisingly, the ring current in the
21 January 2005 magnetic storm continued to grow (SYM-H*
to decrease) for three more hours after the IMF turned
northward. This highly unusual development of Dst was first
reported by Du et al. [2008].
[37] During northward IMF, a newly recognized mode of

interaction has been found between the solar wind and
Earth’s magnetosphere in which large amounts of solar wind
plasma can be captured by the magnetosphere [cf. Palmroth
et al., 2006; Li et al., 2008]. In this mode, reconnection
occurs between IMF and magnetospheric field lines at loca-
tions poleward of the cusps. Interplanetary magnetic flux
tubes filled with filament material become magnetospheric
flux tubes capturing the filament material directly into the
magnetosphere. This means that helium-rich solar filament
material filled the magnetosphere, creating a cold dense
plasma sheet that flowed into and through the inner magneto-
sphere as the solar filament passed by Earth.
[38] Figure 3j gives nightside plasma sheet densities

observed by the Magnetospheric Plasma Analyzer (MPA)
instrument on the Los Alamos National Laboratory geosyn-
chronous satellites [Bame et al., 1993; Thomsen et al.,
1997]. Densities in this region are normally 0.5–2 cm�3

[Borovsky et al., 1997], but 1 h after the arrival of the solar
filament material, the plasma sheet densities increased to

Figure 6. The flux rope interaction is shown with the
ambient solar wind in the simulation. The 3-D structure of
the ICME appears. Reconnecting field lines at the front of
the flux rope that are straightening out and trailing behind
are shown in white. The remaining closed field lines of the
remnant flux rope are shown in red. (a) The log density is
plotted in the Y= 0 plane behind the flux rope and the
nonradial flows in the Z= 0 plane below the flux rope. (b)
The entropy is plotted in the Y= 0 plane and the IMF Bz in
the Z= 0 plane. See text for details.
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extreme values of up to 6 cm�3. These are typical of cold
dense plasma sheets [Lavraud et al., 2005, 2006] which have
densities> 2 cm�3 and temperatures< 5 keV at geosynchro-
nous orbit. The Double Star TC-1 satellite [Liu et al., 2005;
Reme et al., 2005] crossing from the magnetosheath into
the magnetosphere between 20 UT and 22 UT directly
observed the entry of the solar filament material (see Figure 7).
[39] Strong magnetotail stretching is not expected under

conditions associated with northward IMF and yet strong
stretching is seen in the b2i index (Figure 3i). The b2i index
at 20–24 magnetic local time gives the location in magnetic
latitude of the transition between dipolar and stretched mag-
netic field lines [Newell et al., 1998]. The lower the magnetic
latitude of the b2i, the more stretched is the magnetotail. As
the magnetotail stretching reached its maximum value (min-
imum magnetic latitude), the geosynchronous satellites on
the nightside entered the magnetotail lobes, indicated by the
dropout in geosynchronous density. When the stretching di-
minished somewhat, the satellites reentered the plasma sheet
to observe a cooler but still superdense plasma sheet. The
magnetic field stretching during northward IMF is due to
the development of a plasma sheet that despite its cold tem-
peratures is so dense as to be able to alter the topology of
the magnetotail through diamagnetic effects. Since cold
dense plasma sheets are typically found after extended inter-
vals of northward IMF (and quieting magnetic activity), they
have so far not been associated with significant magnetotail

stretching. In contrast, during southward IMF, the plasma
sheet has much lower density but is hotter so that plasma
pressures and pressure gradients routinely produce signifi-
cant changes in the large-scale topology of the magnetotail.
How frequently plasmas during northward IMF become
dense enough to produce the strong magnetotail stretching
seen in this event and the consequences throughout geospace
are open questions, but a condition of strong stretching dur-
ing northward IMF, as seen in this event, has not been
previously reported.
[40] Figure 3k presents the AU and AL indices [Davis and

Sugiura, 1966] produced by theWorld Data Center in Kyoto,
Japan. These indices are representative of the level of
convection and magnetic activity, respectively, in the auroral
oval [Kamide and Akasofu, 1983; Kamide and Rostoker,
2004]. Surprisingly enough, magnetic activity levels in the
auroral region indicated by the AL index were low at the time
of maximummagnetotail stretching. The rise in the AU index
indicates that convection was enhanced as the solar filament
compressed the magnetosphere bringing the cold dense
plasma sheet earthward. During this interval the magnetic
storm reached its peak (indicated by the minimum in SYM-
H* in Figure 3h).

5. Summary and Implications

[41] To summarize, a continuing mystery surrounds the
fate of dense solar filament material that is expelled from
the Sun into interplanetary space during coronal mass
ejections. Though solar filaments are frequently observed
moving outward from the Sun in CMEs, they seldom are
recognizable in ICMEs that arrive at Earth. The conditions
under which filaments reach Earth are of great interest be-
cause dense solar wind intensifies the damaging effects of
geomagnetic storms. On 21 January 2005, an interplanetary
CME containing solar filament material hit the Earth’s
magnetosphere offering a rare opportunity to investigate the
processes that enable the transport of filaments to Earth and
their space weather consequences. The filament material
was identified based on an elevated He+/He2+ ratio. We show
by comparison between solar wind observations at 1 AU and
a simulation of a fast CME that three unusual processes
combined to move the filament directly behind the sheath, a
configuration different from that observed near the Sun. In
the simulation, as the ICME decelerates moving toward
Earth, the momentum of the dense filament material, origi-
nally at the back (sunward edge) of the flux rope, causes it
to push its way forward toward the nose. A portion of the
filament material pushes so far forward that it comes into
direct contact with the sheath material surrounding the
ICME. Diverging nonradial flows develop around the fila-
ment, which transport azimuthal flux from in front to the
sides of the ICME. At the same time, magnetic field lines at
the nose of the ICME reconnect with the IMF, peeling away
the outer layer and creating a region of opened field lines
trailing behind. However, during the short propagation
time, only 7% of the azimuthal magnetic flux is lost by
reconnection, so the vast majority of the flux imbalance in
front of the filament is due to divergent flows. This transport
process offers an additional mechanism to explain flux rope
erosion, which is particularly applicable to fast CMEs.
Observations show evidence that these processes occurred

Figure 7. The Double Star TC-1 satellite observed the entry
of the solar filament material during northward IMF condi-
tions as it crossed from the magnetosheath into the magneto-
sphere near local noon. (top) Ions at typical magnetosheath
energy and density are seen within the magnetosphere. (mid-
dle) The drop in density from magnetosheath values near
100 cm�3 to values more typical of a cold dense plasma sheet
5–10 cm�3 is shown as TC-1 moves from the magnetosheath
through the low-latitude boundary layer and into the inner
magnetosphere. (bottom) The vertical dashed line marks the
transition in ion speeds from magnetosheath to magneto-
spheric values.
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during the 21 January ICME. Within 1 h after impact on the
magnetosphere, a superdense plasma sheet formed from the
solar filament material and continued to move high-density
material through the magnetosphere for the entire ~6 h of
the filament passage. Observations indicate that strong
magnetotail stretching due to diamagnetic effects accompa-
nied the cold dense plasma sheet despite the northward IMF
conditions and weak levels of magnetic activity at this time.
[42] These conditions were linked to an array of anomalous

and extreme features in the magnetosphere and ionosphere,
including a brief equatorial superfountain and strong ion-
atom aurora. Until now, both have been observed almost
exclusively during superstorms [cf. Basu et al., 2001;
Tsurutani et al., 2004; Zhang et al., 2006b]Moreover, during
the passage of the filament, high-energy ion precipitation
peaked in intensity, a significant oxygen component of the
ring current developed in the inner magnetosphere, the
equatorward edge of the diffuse aurora remained at midlati-
tudes for more than 6 h, and the equatorial ionization anom-
aly crests intensified. These features were highly unusual
because they appeared during northward IMF conditions
which are normally associated with magnetic quieting. The
reasons why significant solar filament material made it to
Earth in this case and not others and the connections between
the solar filament and these geospace features will be exam-
ined in follow-on papers.
[43] The analysis here demonstrates the potential for a

significant solar filament collision to amplify the effects of
an ICME on the Earth’s space environment through the rapid
formation of cold dense plasma sheets in a compressed
magnetosphere. But the implications are far-reaching. If the
IMF had rotated southward after the formation of the
superdense plasma sheets, the dense material would have
been transported earthward providing the source population
for an extreme ring current and triggering a superstorm [cf.
Zhang et al., 2006a; Liemohn et al., 2008]. This two-stage
capture and energization process has been observed in more
moderate events [Thomsen et al., 2003] in the presence of
typical high-density solar wind.
[44] Both the reconnection rate at the leading edge [cf.

Taubenschuss et al., 2010] and the momentum of the fila-
ment material increase with the speed of the ICME. This
implies that the extent of the redistribution of the filament
material within the ICME and the flux rope erosion should
both be a function of its speed. Recent ICMEs with signifi-
cant filament material occurred in January 2005 (this event),
May 1998 [Skoug et al., 1999], and January 1997 [Burlaga
et al., 1998] with speeds of ~900 km/s, ~600 km/s, and
~450 km/s, respectively. Consistent with this scenario, the
January 2005 event had filament material in the front of the
flux rope, the May 1998 event in the center of the flux rope,
and the January 1997 event at the back of the flux rope. For
these very few cases where significant filament material
was observed, this simple picture seems to hold but analysis
of more events is required for definite conclusions to be
drawn from this.
[45] Intriguing indirect evidence suggests that a similar

event to January 2005, albeit under different IMF conditions
and with denser solar filament material, may have occurred
during the Carrington 1859 magnetic storm [Li et al., 2006;
M2006], the largest in recorded history [cf. Tsurutani et al.,
2003]. Unusually dense solar wind was also observed just

behind the sheath during the 4–5 August 1972 event
[Vaisberg and Zastenker, 1976; d’Uston et al., 1977], which
disrupted a major communications system in the United
States [Boteler and van Beek, 1999]. The August 1972
ICME is believed to be the fastest ever observed at 1 AU
[Cliver et al., 1990]. The factors that must line up just right
to intensify a major storm into a “100 year” storm are
unknown. Though rare, the prediction of these extreme
events is of intense interest because disastrous economic
and societal impacts are anticipated should one occur in
modern times [National Research Council, 2008].
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